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Archaeal 16S rRNA gene compositions and environmental factors of four distinct solfataric acidic hot springs in Kirishima, Japan
were compared. The four ponds were selected by differences of temperature and total dissolved elemental concentration as follows:
(1) Pond-A: 93°C and 1679 mgL ™", (2) Pond-B: 66°C and 2248 mgL ™", (3) Pond-C: 88°C and 198 mgL ™", and (4) Pond-D: 67°C
and 340 mgL™". In total, 431 clones of 16S rRNA gene were classified into 26 phylotypes. In Pond-B, the archaeal diversity was
the highest among the four, and the members of the order Sulfolobales were dominant. The Pond-D also showed relatively high
diversity, and the most frequent group was uncultured thermoacidic spring clone group. In contrast to Pond-B and Pond-D, much
less diverse archaeal clones were detected in Pond-A and Pond-C showing higher temperatures. However, dominant groups in these
ponds were also different from each other. The members of the order Sulfolobales shared 89% of total clones in Pond-A, and the
uncultured crenarchaeal groups shared 99% of total Pond-C clones. Therefore, species compositions and biodiversity were clearly

different among the ponds showing different temperatures and dissolved elemental concentrations.

1. Introduction

The extreme environments are unique places to study how
organisms interact with and adapt to the surroundings.
Some of high temperature environments especially such as
terrestrial hot springs and oceanic hydrothermal vents may
resemble volcanic habitats that are thought to have existed on
early Earth [1-3]. Indeed, some of the archaeal and bacterial
lineages identified from hot springs appear to be related to
lineages close to the root of the phylogenetic tree [4].

Hot spring microbial communities have been extensively
studied in many areas such as Yellowstone National Park in
the United States [5-10], Kamchatka hot springs in Russia
[11], the island of the Lesser Antilles [12, 13], Icelandic hot
springs [11, 14], Mt. Unzen hot springs in Japan [15], Ohwaku-
dani hot springs in Japan [16], Pisciarelli hot springs in Italy
(17], Bor Khlueng hot springs in Thailand [18], Wai-o-tapu
geothermal area in New Zealand [19], and Tengchong hot
springs in China [20]. These pioneering works enabled better

appreciation of prokaryotic communities in the high temper-
ature environments. However, despite decades of research, we
still understand relatively little about the relationship between
the environmental factors and hot spring prokaryotic com-
munity. It is important to reveal that which environmental
factors affect prokaryotic community structures and diversity
in individual hot spring habitats. Temperature has perhaps
received the most attention, but other constraining factors
may include pH, oxidation redox potential, elemental com-
position, and organic matter composition. In this study, we
compared the archaeal community structures and diversity of
four distinct solfataric acidic hot springs in Kirishima, Japan.

2. Materials and Methods

2.1. Sample Collection and Analyses of Dissolved Elemental
Compositions. The investigated hot springs in this study are
located in a field of one square kilometer in the Kirishima
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2 Archaea
TaBLE 1: Characteristics of sampling sites and ponds.
Pond-A Pond-B Pond-C Pond-D
Temp (°C) 93 66 88 67
pH 2.6 2.0 2.4 2.3
Concentration (mg Ly composition (%)
Fe 388.9 23 1149 51 9.630 5 27.18 8
S 663.2 40 702.8 31 59.76 30 61.90 18
Al 433.6 26 2879 13 14.57 7 2.021 1
Mg 86.74 5 46.77 2 0.001 0 43.35 13
Si 47.88 3 45.52 2 103.9 53 148.4 44
Ca 54.81 3 10.88 0 7.498 4 39.26 12
P 2.850 0 4.711 0 1.265 1 1.266 0
Na 0.001 0 0.001 0 0.001 0 8.442 2
K 0.001 0 0.001 0 0.001 0 7.384 2
As 1.079 0 1.137 0 0.879 0 0.856 0
Total 1679 100 2248 100 197.5 100 340.1 100
Latitude (N) 31°54'37.7" 31°54'52.4" 31°55'05.0" 31°55'04.5"
Longitude (E) 130°49'00.6" 130°48'50.3" 130°48'41.1" 130°48'41.0"
Altitude (m) 759 842 884 885
Color of sediments Light brown Light brown Gray Gray
Detection limit is 0.001mg L™,
; / 32°N
) AKirishimaJ:/KJolcano
(Km)
50

FIGURE 1: Map of sampling site in Kirishima geothermal area, Japan.

geothermal area in Japan (Kirishima National Park) (Figure 1,
Table 1) where, the extensive volcanic activity occurred from
the Pleistocene epoch to the present, depositing a thick pile
of volcanic rocks [21]. Kirishima volcano, one of the largest
Quaternary volcanoes in Japan, belongs to the northern part
of the Kagoshima graben, a volcano-tectonic depression [22]
caused by the subduction of the Philippine Sea plate. This
volcano occupies an area of about 20 km x 30 km elongated in
the northwest to southeast direction and contains more than
20 small volcanoes [23].

Sampling location within Kirishima geothermal area is
a private land; therefore, people are usually not allowed to
trespass on this area. We got permission to take hot spring
water, soil, and various other native samples in this area from
an owner of the land. There are many hot springs and muddy
ponds showing a variety of temperatures and elemental
compositions.

Muddy water sample was collected into sterile 100 mL
glass bottle at each pond. Temperature and pH of the
samples were measured at each sampling site. A part of each
sample was filtered using 0.22 ym membrane filter (Asahi
Glass) and was subjected to analysis of dissolved elemental
concentrations using the inductively coupled plasma optical
emission spectroscopy (ICPS-7000 ver.2, Shimadzu). In the
present study, we selected four ponds displaying a range of
temperatures and dissolved elemental compositions for the
archaeal community analysis.

2.2. 16S rRNA Gene Clone Libraries and Sequencing. The
environmental DNA was extracted from 5 to 10g of each
muddy water sample using the UltraClean Soil DNA Kit
Mega Prep (Mo Bio Laboratories) according to the manu-
facturer’s instructions. The precipitated DNA was purified
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using the GFX PCR DNA and Gel Band Purification Kit (GE
Healthcare).

Purified DNA was used as the template for the ampli-
fication of archaeal 16S rRNA gene by archaea-specific
primer A21F: 5'-TTCCGGTTGATCCYGCCGGA and uni-
versal primer UI492R: 5'-GGYTACCTTGTTACGACTT.
The PCR conditions included an initial denaturation step at
94°C for 3 min, followed by 35 cycles of denaturation at 94°C
for 30 sec, annealing at 55°C for 30 sec, and extension at 72°C
for 2 min using Ex Tag DNA polymerase (Takara Bio). This
was followed by a final extension at 72°C for 10 min.

The PCR products were purified using the aforemen-
tioned GFX Kit and were ligated into the pT7 Blue T-Vector
(Novagen). E. coli DH5« cells were transformed with the
plasmid library and were plated onto LB plates including
100 pug mL ™" ampicillin, 40 ug mL™" X-gal, and 0.5 mM IPTG.
Blue/white selection was conducted by randomly picking
and subculturing individual white colonies in 100 yL of 2 x
YT medium containing 100 yg mL™" ampicillin in a 96-well
plate at 37°C overnight. The inserted 16S rRNA gene was
amplified using 1 uL of the culture as the template with the
same PCR procedure mentioned above. About 800 bp of the
5'-region of each 16S rRNA gene clone was sequenced by the
aforementioned archaea-specific primer A21F and used for
taxonomic and phylogenetic analysis.

2.3. Identification of 16S rRNA Gene Clones and Phyloge-
netic Analysis. 16S rRNA gene sequences were edited using
the MEGAS5 (Molecular Evolutionary Genetics Analysis,
http://www.megasoftware.net/) [24]. We also searched for
chimera sequences by manually checking the sequence
alignments using GENETYX ver. 10.0.3 software (Gene-
tyx). Clones having 97% sequence similarity or higher
were treated as a phylotype. The representative sequences
of each phylotype were compared with 16S rRNA gene
sequences published in the National Center for Biotech-
nology Information DNA database using BLAST (BLASTN;
http://www.ncbi.nlm.nih.gov/BLAST/) [25] to identify indi-
vidual clones. The representative sequences of each phylotype
and related sequences in the GenBank data base were aligned
using CLUSTALW ver. 1.83 program [26]. The maximum
likelihood tree including bootstrap probabilities (1000 sam-
plings) was constructed using the MEGAS.

2.4. Statistical Analyses. Measurements of diversity ideally
include richness, the number of different species or groups
present, and evenness, the distribution of those groups [27,
28]. The Shannon-Weaver index [29], H' = -X(pi)(In pi),
and Simpson’s reciprocal index [30], 1/D, where D = %( pi)z,
and pi is the proportion of phylotypes i relative to the total
number of phylotypes, both take richness and evenness into
account [13, 28]. The Shannon-Weaver index and Simpson’s
reciprocal index were calculated using ESTIMATES 8.0 [31].
Evenness (J' = H'/InS) was also calculated [32]. ESTI-
MATES 8.0 was also used to calculate Chaol nonparamet-
ric richness estimator [33] and abundance-based coverage
estimator of species richness (ACE) [34]. These coverage
estimators determine the number of probable phylotypes in

the environment compared with the numbers observed in the
sample. The homologous coverage (biodiversity coverage) C
was determined with the following equation: C = 1 — (N/n),
where N is the number of phylotypes sequences and # is
the total number of analyzed clones [35, 36]. Additionally,
statistical analyses including principal components analysis
to determine the correlations among the archaeal diversity
with the environmental factors including temperature and
dissolved elemental concentrations. Canonical correlation
analysis was also performed to determine the correlations
between archaeal groups and temperature or dissolved
elemental concentrations, by using the software XLSTAT
(Addinsoft, New York, NY).

2.5. Nucleotide Sequence Accession Numbers. The representa-
tives of nucleotide sequences of the phylotypes are available
in the DDBJ/EMBL/GenBank databases under the accession
numbers AB753272-AB753298 and AB755799-AB755806.

3. Results and Discussion

3.1. Water Chemistry. The four ponds in Kirishima geother-
mal area were selected based on the differences of tempera-
tures and total dissolved elemental concentrations as follows:
(1) Pond-A: 93°C and 1679 mgL™", (2) Pond-B: 66°C and
2248 mg L7, (3) Pond-C: 88°C and 198 mg L™}, and (4) Pond-
D: 67°C and 340 mg L™". The characteristics of sampling sites
and these ponds are shown in Table 1. The range of pH values
of the ponds was 2.0-2.6. In the ponds showing higher total
dissolved elemental concentration, the concentrations and
percentages of Fe, S, and Al were especially higher than those
in other ponds. There was no significant difference of the
concentrations of Mg, Si, Ca, P, Na, K, and as between the
ponds.

3.2. 16S rRNA Gene Clone Libraries. 16S rRNA gene clone
libraries were successfully constructed using the environ-
mental DNAs extracted from four muddy water samples. A
total of 432 clones of archaeal 16S rRNA gene were analyzed.
A chimerical sequence was detected during the analysis and
was not used for further study. On the basis of the sequence
similarity values, a total of 431 clones (Pond-A: 106, Pond-
B: 112, Pond-C: 109, and Pond-D: 104 clones) were classified
into 26 phylotypes, consisting of 25 crenarchaeal phylotypes
and a single euryarchaeal one (Table 2). The homologous
coverage values were 0.88 or above for all ponds indicating
that approximately 90% of the 16S rRNA gene clones in these
ponds could be considered in this study (Table 3).

The guanine-plus-cytosine (G + C) content in the 16S
rRNA gene sequences detected from 26 phylotypes in this
study ranged from 56.6% to 69.0%, with an overall average
of 62.4 £ 3.6%. According to Kimura et al., the growth
temperature of archaea are strongly correlated with the G +
C content, while the phylotypes containing this amount of
G + C were grouped as the moderately thermophilic and
hyperthermophilic archaea [37]. Therefore, all phylotypes
detected in this study could possibly be related to moderately
thermophilic and hyperthermophilic archaea.
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4 Archaea
TaBLE 2: Affiliation and closest published species or clones of 26 phylotypes.
Phylotypes Affiliation Closest species or clones 165 _rRNA.gene Number of clones detected from each site
(accession number) similarity
(%) Pond-A Pond-B  Pond-C Pond-D
Order Sulfolobales
ST2A1-3 Acidianus brierleyi Acidianus brierleyi (D26489) 98.9 3
ST2A1-43 Acidianus sp. Acidianus ambivalens (D85506) 95.5 1
ST2Al1-14 Metallosphaera sedula ~ Metallosphaera sedula (D26491) 100.0 7
ST2Al-16 Sulfolobus solfataricus  Sulfolobus solfataricus (D26490) 99.1 2
. Sulfurisphaera ohwakuensis
ST8AI1-57 Sulfurisphaera sp. (D85507) 95.1 1
Acidic hot spring clone
ST2Al1-5 Uncultured Sulfolobales HO78W21A35 (AB600386) 80.7 39
Acidic sulfuric hot spring clone
ST2A1-32 Uncultured Sulfolobales LH2wa_90 (EJ797343) 98.3 6
Acidic sulfuric hot spring clone
ST8AI-12 Uncultured Sulfolobales HS3wa_52 (FJ797311) 96.6 92
Acidic sulfuric hot spring clone
ST8A1-52 Uncultured Sulfolobales HS3wa_52 (FJ797311) 94.1 1
Order Acidilobales
ST2A1-9 Caldisphaera lagunensis Caldisphacra lagunensis 98.5 10
P & (AB087499) :
; Caldisphaera draconis
ST2A1-27 Caldisphaera sp. (EF057392) 95.4 2 21
(=STI5A1-7)
Order Thermoproteales
. 0 . Caldivirga maquilingensis
ST8AI-8 Caldivirga maquilingensis (AB013926) 98.0 5 2
(=ST2A1-31)
. I Vulcanisaeta distributa
ST8A1-40 Vulcanisaeta distributa (AB063630) 98.9 7
; . Thermocladium modestius
ST16A1-87 Thermocladium modestius (AB005296) 99.4 1
Other crenarchaeal groups
Acidic sulfuric hot spring clone
ST2A1-8 UTSCG LH2wa.02 (FJ797332) 99.7 20 42 52
(=STI6A1-1,
STI5AI-1)
Acidic hot spring clone
ST15A1-3 UTSCG Uzond-5d (HQ395709) 96.1 2
Acidic spring clone HO28S9A21
ST16A1-6 UTSCG (AB600335) 96.9 6
Hot spring clone SK865
ST16A1-20 UTSCG (DQ834117) 96.9 13 6
(=ST15A1-6)
i Hot spring clone BW303
ST2A1-2 UTSCGII (DQ924843) 93.3 4
Hot spring clone SK993
ST2Al1-15 UTSCG1II (DQ834245) 99.7 1
Acidic spring clone HO28S9A51
ST15A1-26 HWCGV (AB600343) 96.3 1
STI5A2-137 HWCG V Acidic spring clone HO2859A51 8.4 )
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TABLE 2: Continued.

Phylotypes Afhiliation Closest sPecies or clones 165 _rRNA'gene Number of clones detected from each site
(accession number) similarity
(%) Pond-A Pond-B  Pond-C Pond-D
Hot spring clone SK859
ST2A1-25 HWCG VI (DQ834111) 95.8 13 46 2
(=ST16A1-2,
STI5A1-34)
Hot spring clone SK859
ST2A1-52 HWCG VI (DQ834111) 96.0 2
Acidic sulfuric hot spring clone
ST15A1-32 HWCG VII HS4sa_15 (FJ797318) 91.2 1
Euryarchaeal groups
Uncultured Thermal spring clone kmc048
STI6AI-50 Euryarchaeota (HM150106) 992 ! 17
(=STI5A1-8)
Total 106 112 109 104
TABLE 3: Diversity index scores for clone libraries.

Sample Shannon Simpson Rich Even SacE Schaol Coverage Total clone number
Pond-A 0.53 1.32 5 0.332 7.04 6.00 0.95 106
Pond-B 2.06 5.41 14 0.780 15.4 14.2 0.88 112
Pond-C 1.23 2.91 6 0.687 10.1 7.00 0.94 109
Pond-D 1.45 3.10 9 0.659 10.9 9.25 0.91 104
Temperature
approximately 90°C 1.58 3.66 11 0.659 16.0 17.0 0.95 215
(Pond-A + Pond-C)
Temperature
approximately 70°C 2.20 5.82 20 0.735 233 21.0 0.91 216
(Pond-B + Pond-D)
El conc. > 1600 ppm

1.99 4.37 18 0.689 21.0 19.5 0.92 218
(Pond-A + Pond-B)
El conc, <350 ppm 161 3.68 I 0673 155 133 0.95 213

(Pond-C + Pond-D)

Diversity index scores measured were Shannon-Weaver index (Shannon), Simpson’s reciprocal index (Simpson), Richness (Rich), Evenness (Even), the coverage
estimators Sy and Scp .01, and the homologous coverage. El conc. indicates total dissolved elemental concentration.

3.3. Archaeal Community in Pond-A. On the basis of 16S
rRNA gene sequence similarities, 106 clones derived from
Pond-A which showed higher temperature and total dis-
solved elemental concentration consisted of five phylotypes
of Crenarchaeota (Table 2). The 5% and 7% sequences
of this pond were highly similar to those of cultured
species (>98.0%) of the order Thermoproteales, Caldivirga
maquilingensis and Vulcanisaeta distributa, respectively. The
type strains of both species were hyperthermophilic archaea
optimally growing at above 85°C, and they were originally
isolated from acidic hot springs in Philippines and Japan,
respectively [38, 39]. On the other hand, other 89% of Pond-A
clones did not show significant similarities with any cultured
species. Almost all the clones of them were assigned as a
phylotype ST8AI-12 affiliated with the order Sulfolobales.
This phylotype showed 95-96% sequence similarity with
published environmental clones, NAKO74-07 and HS3wa_52
detected from Nakabusa hot spring, Japan (DNA database

Accession no. AB366602) [37] and Tatung Volcano hot
spring, Taiwan (DNA database Accession no. FJ797311). The
diversity represented by the Shannon-Weaver index and
Simpson’s reciprocal index in the Pond-A was the lowest
among the four ponds (Table 3).

3.4. Archaeal Community in Pond-B. In contrast to the Pond-
A, the largest number of phylotypes was detected in Pond-
B which was characterized as lower temperature and higher
total dissolved elemental concentration, resulting, that the
diversity indices and evenness value in this pond were highest
among the four ponds (Table 3). A total of 112 clones consisted
of 14 phylotypes that were classified into the following six
groups: the order Sulfolobales, Acidilobales, Thermopro-
teales, and three uncultured crenarchaeal groups (Table 2,
Figure 2). The 21% of the total clones were closely related to
any of five cultured species (>98.0%): Sulfolobus solfataricus
[40], Metallosphaera sedula [41], Acidianus brierleyi [42],



Caldisphaera lagunensis [43], and Caldivirga maquilingensis
[38]. S. solfataricus, M. sedula, and A. brierleyi are faculta-
tively chemolithoautotrophic aerobes and require elemental
sulfur or sulfidic ores. These species and their close rela-
tives have been isolated from acidic Solfatara fields around
the world [44]. C. lagunensis and C. maquilingensis are
heterotrophic anaerobes. Their growths are stimulated or
constrained by the presence of sulfur as an electron acceptor.

On the other hand, nine phylotypes sharing 79% in total
of all Pond-B clones showed no significant similarity with
any cultured species. Nearly half of these uncultured clones
were assigned as a phylotype ST2A1-5. This phylotype was
most dominant (35%) in Pond-B and was phylogenetically
distant not only from any cultured species but also from
any published environmental clones. This novel phylotype
belonged to a cluster in the order Sulfolobales (Figure 2). This
cluster also harbored another Pond-B phylotype ST2AI-32,
which showed 98% 16S rRNA gene sequence similarity with
published environmental clone, LH2wa 90 detected from
Taiwanese hot spring (DNA database Acc. no. F]797343).

The phylotype ST2A1-8 belonging to the uncultured ther-
moacidic spring clone group (UTSCG) [16] was secondary
dominant in Pond-B and it shared 18% of the total Pond-
B clones. Interestingly, phylotypes similar to ST2AI-8 were
also frequently detected in Pond-C and Pond-D, suggesting
that this crenarchaeal species survive relatively wide range of
temperature and dissolved elemental composition in acidic
hot springs. There might be unfavorable factors in Pond-A
for the presence of UTSCG. The phylotypes ST2AI-2 and
ST2Al-15 were placed in the sister cluster of UTSCG with
published clones detected from Yellowstone National Park
(DNA database Acc. no. DQ834245). We call this cluster as
UTSCG II in this study.

The phylotype ST2A1-25 was thirdly dominant in Pond-
B and was placed into the sister cluster of the hot water cre-
narchaeotic group II (HWCG II) [15, 45, 46] with phylotype
ST2AI1-52 and published environmental clone SK859 detected
from acidic hot spring in Yellowstone National Park (DNA
database Acc. No. DQ834111). We call this cluster as HWCG
VI in this study. The phylotype ST2A1-25 was also dominant
in Pond-C.

3.5. Archaeal Community in Pond-C. The other high temper-
ature pond, Pond-C, showed relatively low value of species
richness as same as Pond-A (Table 3). A hundred and
nine clones were classified into six phylotypes as follows:
Thermocladium modestius of the order Thermoproteales,
four uncultured crenarchaeal phylotypes and uncultured
euryarchaeal phylotypes. The type strain of T. modestius was
originally isolated from solfataric mud at Noji-onsen, Japan,
and is an anaerobic heterotroph growing optimally around
75°C, pH 4.0 [47].

As mentioned in the previous section, the uncultured
phylotypes ST2A1-8 of UTSCG and ST2A1-25 of HWCG VI
were dominant in the clone library constructed for this pond
sample. These two phylotypes shared 81% in total of the Pond-
C clones. Three phylotypes sharing 56% of Pond-C clones
were affiliated with uncultured thermoacidic spring clone
group (UTSCQG) [16].
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3.6. Archaeal Community in Pond-D. A hundred and four
clones derived from Pond-D which showed lower temper-
ature and total dissolved elemental concentration consisted
of nine phylotypes. The diversity indices in Pond-D were
lower than those in Pond-B but were higher than the values
in Pond-A and Pond-C (Table 3). The phylotype sharing
20% of the total clones was related to Caldisphaera draconis
with 95% sequence similarity of 16S rRNA gene. This species
is chemoorganotrophic anaerobe isolated from acidic hot
spring in Yellowstone National Park [48].

Other phylotypes showed no significant similarity with
any cultured species. The most frequent phylotype was
ST2A1-8 affiliated with UTSCG and it shared 50% of the total
clone in this pond. In contrast to the archaeal communities
in other three ponds, the secondary dominant uncultured
phylotype (ST16A1-50) was affiliated with Euryarchaeota and
showed 99% sequence similarity of 16S rRNA gene with
thermal spring clone kmc048 detected from Kamchatka hot
springs in Russia (DNA database Acc. no. HM150106). This
phylotype shared 16% of the total clones in this pond.

The phylotype STI5A1-26 together with STI5A2-137 and
ST15A1-32 were barely detected in Pond-D, and were placed
into the sister cluster of HWCG II. We call these clusters as
HWCG V and HWCG VII, respectively, in this study.

3.7. Archaeal Diversity and Community Structures with Dif-
ferent Temperatures and Total Dissolved Elemental Concentra-
tions. When the diversity was compared within ponds with
different temperatures (Temperature approximately 90°C,
Pond-A + Pond-C versus Temp. approx. 70°C, Pond-B +
Pond-D), represented by the Shannon-Weaver index and
Simpson’s reciprocal index, the lower temperature ponds
showed higher diversity (Table 3). On the other hand,
when comparing within ponds with different total dissolved
elemental concentrations, the diversity indices of higher
total dissolved elemental concentration ponds (EL conc. >
1600 mgL™", Pond-A + Pond-B), were higher than those of
Pond-C + Pond-D (EL conc. < 350 mg L. As a result, the
archaeal diversity was the highest in the pond characterized
as lower temperature and higher total dissolved elemen-
tal concentration (Pond-B). In contrast, the combination
of higher temperature and lower total dissolved elemental
concentration (Pond-A) caused the lowest diversity in this
study.

When focusing on the species composition and distri-
bution, they were dissimilarity within ponds with different
temperatures and total dissolved elemental concentrations.
As shown in Table 2, the phylotypes affiliated with the order
Sulfolobales were only detected in the ponds showing higher
total dissolved elemental concentrations (Pond-A + Pond-B).
The members of the order Sulfolobales are generally charac-
terized as facultatively or obligately chemolithoautotrophic
% metabolizers; some members oxidize ferrous iron and
sulfidic ores, producing soluble metal sulfates [44]. Therefore,
the presence of Sulfolobales makes sense in these ponds
including higher total dissolved elemental concentration,
especially sulfur, as we would expect to detect microbes



Archaea 7

ST2A1-5 (39) (AB753274)

73 Acidic sulfuric hot spring clone LH2wa_90 (FJ797343)
ST2A1-32 (6) (AB753283)

Sulfolobus metallicus (D85519)

ST2A1-16 (2) (AB753279)

Sulfolobus soéfuturicus (D26490)

92 Stygiolobus azoricus (D85520)

Acidic hot spring clone HO78W21A35 (AB600386)

Acidic hot spring clone Hverd088Cs (DQ441530)

Sulfolobus acidocaldarius (D14876)

Sulfurisphaera ohwakuensis (D85507)

ST8A1-57 (1) (AB753289) Sulfolobales

ST8A1-12 (92) (AB753286)

Acidic sulfuric hot spring clone HS3wa_52 (FJ797311)

99L ST8A1-52 (1) (AB753288

100, ST2A1-14 (7) (AB753277)
90 Metallosphaera sedula (D26491)
ST2A1-3 (3) (AB753273)
99! Acidianus brierleyi (D26489)
9 ST2A1-43 (1) (AB753284
_‘:6‘—_Acidic sulfuric hot spring clone LH2wa_67 (FJ797339)

41— Acidianus ambivalens (D85506)

Ignisphaera aggregans (NR043512)

Pyrodictium occultum (NR025933)

94r ST2A1-9 (10) (AB753276)

Caldisphaera lagunensis (AB087499)

Caldisphaera draconis (EF057392)

ST15A1-7 (21) (AB755800) Acidilobales

ST2A1-27 (2) (AB753281)

9L Acidic sulfuric hot spring clone LH2wa_62 (F]797336)

Acidilobus saccharovorans (AY350586)
100  Thermocladium modestius (AB005296)

ST16A1-87 (1) (AB753298)
100~ Caldivirga maquilingensis (AB013926)
ST2A1-31 (2) (AB753282)

88!ST8A1-8 (5) (AB755799) Thermoproteales

ST8A1-40 (7) (AB753287)

99 'Vulcanisaeta distributa (AB063630)

78 Thermofil dens (NR029214)

97rST2A1-15 (1) (AB753278)
Hot spring clone SK993 (DQ834245)
4100[; ST2A1-2 (4) (AB753272) UTSCG IT
Hot spring clone BW303 (DQ924843)

95| ST16A1-20 (13) (AB755803)
ST15A1-6 (6) (AB753291)
Hot spring clone SK865 (DQ834117)
ST15A1-3 (2) (AB753290)
ST16A1-6 (6) (AB753297)
Acidic spring clone HO2859A21 (AB600335)
Hot spring clone SK295 (AY882844) UTSCG
ST16A1-1 (42) (AB755802)
5411 Acidic sulfuric hot spring clone LH2wa_02 (FJ797332)
95| STISAI-I (52) (AB755801)
ST2A1-8 (20) (AB753275)
Acidic hot spring clone Uzon4-5d 5HQ395709

Deep-sea hydrothermal vent clone pISA7 AB019733§ HWCG IV (UCII)
Deep-sea hydrothermal vent clone pMC2A36 (AB019720) DSAG (MBGB)
_(:‘— Thermal spring clone pSL4 (UCU63341) HWCG I
Thermal spring clone pJP89 (L253058 MCG
100, Deep-sea hydrothermal vent clone pMC2A1 (AB019723) MG I
75 Deep gofd mine clone SAGMA-Z (AB050231) SAGMCG
79) Deep gold mine clone SAGMA-W (AB050228) SCG
Candidatus Nitrosocaldus yellowstonii (EU239960)

99

100

87

70)

95

99" Subterranean hot springs clone SUBT-14 (AF361211) Thaumarchacota

54 r Acidic red soil clone Arc-D93 (FJ174727) UTRCG
100 Acidic spring clone HO28521A56 (AB600373)
Thermal spring clone pSL12 (UCU63343) pscG
82— STISA1-32 (1) (AB753295
| 57 Acidic sulfuric hot spring clone HS4sa_15(F]797318) HWCG VI
Acidic hot spring water clone pUWA36 (AB007308) HWCG II (UCIII)
99 ST16A1-2 (46) (AB755805) — ]
ST2A1-25 (13) (AB753280)
70l 04) HWCG VI

ST2A1-52 (2) (AB753285)
Hot spring clone SK859 (DQ834111)
98- Hot spring clone BY132 (EF156497)

L Hot spring clone BY126 (EF156491)
85| - ST15A2-137 (2) (AB753296)
Acidic spring Jone 102889451 (AB600343) HWCGV
ST15A1-26 (1) (AB753293)
88-ST15A1-8 (17) (AB753292)

100 100 s T16A1-50 (1) (AB735806)
100| Thermal spring clone kmc048 (HMlSOlOG%
Ther acidophilum (M38637

4‘— L Aciduliprofundum boonei (DQ4518§5)
98 Pyrococcus glycovorans (NR029053)

100 ~Hydrothermal vent water clone pPOWA133 (AB007303) MHVG-I
Hydrothermal sulfide structure clone Fhm1A36 (AB293205)
84 Korarchaeota SRI-306 (AF255604)—_| K h
99 m (CP000968) orarchaeota

Candidatus Korarchaeum cryptofilu
Aquifex pyrophilus (M83548)

Euryarchaeota

—_—

0.05

FIGURE 2: Phylogenetic tree of archaeal 16S rRNA gene sequences detected in Kirishima hot springs. Bootstrap values (>50%) based on 1000
replicates are indicated at nodes. The scale bar indicates the number of nucleotide substitutions per position. Number in the parenthesis with
phylotype name represents the number of clones of each phylotype. The DNA database accession numbers are also indicated in the parenthesis.
Aquifex pyrophilus is used as an outgroup species. The phylotype names derived from Pond-A, Pond-B, Pond-C, and Pond-D shown in blue,
yellow, red, and green, respectively. UTSCG: uncultured thermoacidic spring clone group [16], HWCG I: hot water crenarchaeotic group I
[6, 46], HWCG II (known as UCIII): uncultured crenarchaeal group III [15, 45, 46], HWCG IV (also known as UCII) [45, 49, 50], DSAG
(known as MBGB): deep-sea archaeal group (marine benthic group B) [49, 51], MCG: miscellaneous crenarchaeal group [5, 50, 52, 53], MG
I: marine crenarchaeotic group I [49, 54], SAGMCG: South Africa gold mine group [52], SCG: soil crenarchaeotic group [52], UTRCG:
uncultured Thaumarchaeota-related clone group [16], FSCG: forest soil crenarchaeotic group [6, 55], and MHVG-I: marine hydrothermal
vent group I [15, 16, 52].



3 Archaea
TaBLE 4: Correlation matrix showing r values for Pearson’s correlation.
Variables Shannon  Temp. Fe S Al Mg Si Ca P Na K As El. Conc.
Shannon 1.00 -0.87 0.54 0.00 -0.32 -0.41 0.07 -0.71 0.42 0.14 0.14 0.11 0.20
Temp. -0.87 1.00 —0.40 0.05 0.31 0.12 -0.29 0.29 -0.29 —0.55 —0.55 —0.01 -0.14
Fe 0.54 —0.40 1.00 0.84 0.62 0.34 -0.76 -0.26 0.99 -0.46 —-0.46 0.90 0.92
S 0.00 0.05 0.84 1.00 0.95 0.71 -0.93 0.21 0.91 -0.57 -0.57 0.99 0.98
Al -0.32 0.31 0.62 0.95 1.00 0.82 -0.90 0.44 0.72 -0.57 -0.57 0.90 0.87
Mg -0.41 0.12 0.34 0.71 0.82 1.00 —0.49 0.82 0.44 -0.02  -0.02 0.61 0.64
Si 0.07 -0.29 -0.76  -0.93 -0.90 -0.49 1.00 0.00 -0.83 0.84 0.84 -0.94 -0.89
Ca -0.71 0.29 -0.26 0.21 0.44 0.82 0.00 1.00 -0.15 0.33 0.33 0.07 0.08
P 0.42 -0.29 0.99 0.91 0.72 0.44 -0.83 -0.15 1.00 —0.51 -0.51 0.95 0.97
Na 0.14 —-0.55 -0.46 -0.57 -0.57  -0.02 0.84 0.33 -0.51 1.00 1.00 -0.62 -0.51
K 0.14 —0.55 -0.46 -0.57 -0.57 -0.02 0.84 0.33 —-0.51 1.00 1.00 -0.62 —-0.51
As 0.11 —-0.01 0.90 0.99 0.90 0.61 -0.94 0.07 0.95 —0.62 -0.62 1.00 0.99
El conc. 0.20 -0.14 0.92 0.98 0.87 0.64 -0.89 0.08 0.97 -0.51 -0.51 0.99 1.00

Values in bold are different from 0 with a significance level « = 0.10. Diversity indices showed very similar correlations with each other and environmental
variables: only Shannon-Weaver index for archaeal clone libraries is shown. Shannon, Temp. and El. Conc. indicate Shannon-Weaver index, Temperature, and

total dissolved elemental concentration, respectively.
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FIGURE 3: Principal components analysis showing loadings on principal components 1 and 2 for environmental factors at sites and the
relationship to each site. Shannon, Temp. and El. Conc. indicate Shannon-Weaver index, temperature, and total dissolved elemental

concentration, respectively.

that metabolically depend on sulfur as an electron donor.
It is also interesting that the species compositions within
the order Sulfolobales between Pond-A and Pond-B were
clearly different from each other. We detected sequences
closely related to Sulfolobales species (98.9% similarity) in
Pond-B (66°C), but most of the clones detected from Pond-A
(93°C) were affiliated with uncultured Sulfolobales, forming
a phylotype ST8AI-12. In addition, the members of the
genus Caldisphaera of the order Acidilobales were frequently
detected from lower temperature ponds (Pond-B + Pond-D)
but not detected from higher temperature ponds (Pond-A +
Pond-C). This may be due to the growth temperature limit of
the members of the genus Caldisphaera, which is 85°C [56].

3.8. Geochemistry and Archaeal Diversity or Groups Correla-
tions. A matrix was created based on Pearson’s correlation

coeflicients (r) calculated from the Shannon-Weaver index,
temperatures, and dissolved elemental concentrations at
these four ponds (Table 4). Several dissolved elemental
concentrations were statistically correlated with each other,
but the archaeal diversity did not correlate with temperature
and any dissolved elemental concentrations (significance
level, « = 0.10). Total dissolved elemental concentration was
strongly correlated with S, P, and As (P value < 0.05) and
moderately correlated with Fe (P < 0.10). Al and S were
moderately correlated with each other. Principal components
analysis showed that axes F1 and F2 accounted for 81.3% of
the variation between sites; S, As, and Si contributed equally
to PCl, while the archaeal diversity index contributed to PC2
(Figure 3). Pond-A and Pond-B were higher in total dissolved
elemental concentration, and variations at Pond-A and Pond-
B appeared to be explained best by S and As of PC1, whereas
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FIGURE 4: Canonical correlation analysis showing correlative relationships between environmental factors and proportions of individual
archaeal groups. Archaeal groups were shown in abbreviations and rhombus. Environmental factors were shown in circle.

the variations at Pond-A with higher temperature were best
explained by PC2.

Canonical correlation analysis showed that some archaeal
groups strongly correlate with particular environmental
factors, such as the Sulfolobales with Al and uncultured
Euryarchaeota with Na and K, whereas UTSCG group was
negatively correlated with Al (P < 0.05) (Figure 4). The
order Sulfolobales was also moderately correlated with S
(P < 0.10). Moreover, the order Acidilobales, UTSCG, and
HWCG groups were moderately negatively correlated with
temperature, S, and Mg, respectively. To date, the element
requirements in archaea were conducted on certain cultured
species and little was known of the uncultured archaea.
However, the correlations between the uncultured archaeal
groups and the dissolved elemental concentrations shown in
this study could give more insights into how specific elements
affect uncultured archaeal communities.

4. Conclusion

In this study, we have investigated the archaeal community
structures of four distinct solfataric acidic hot springs in
Kirishima, Japan. The species compositions and biodiversity
were clearly different among the ponds showing differ-
ent temperatures and dissolved elemental concentrations.
Although other environmental factors also could have influ-
enced on the archaeal community structures, the present
study will be helpful in understanding the archaeal ecology
in the solfataric acidic hot springs.
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